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The bioremediation of contaminated soils or the biomining of waste tillings has been
explored through the use of hyperaccumulating plants such as S. polygaloides which is a
nickel hyperaccumulator. However, it is important to discover which soils are well-suited
for this type of process by determining the plant-availability of the nickel. By extracting
the nickel sequentially with increasing severity it is possible to determine the chemical
distribution, or fractionation, of nickel in a soil. One fraction is already suspected to be
plant-available and correlates very well with the results of a previous plant-availability
study. A calcareous Millville silt loam which was artificially contaminated with nickel was
compared to a serpentine soil which is naturally high in nickel. It was discovered that 39%
of the nickel in the silt loam was in a readily plant-available fraction as opposed to only 2 %
'
in the serpentine soil.

Background
Soil Composition

Soil is composed of half solid material and half pore spaces. The solid material contains
both organic matter and mineral matter and the pore spaces contain air and water.

Soil
solids

The qualities of each type of soil are determined by the ratios of these four components,
their specific compositions, and how they are combined. Therefore, in order to understand the
behavior of nickel in soil, it is necessary to understand each of the components of soil in detail.

Mineral Component

The mineral component provides a soil with structural framework and is the component
generally used to classify soil types based on texture or on chemical composition.

Textural Large particles (like stones or gravel) tend to be an aggregate of several
different minerals whereas the small particles that compose soil are generally each a single
mineral. Soil particle sizes range from less than .002 to 2 mm. Anything larger doesn't really
cohere into the soil matrix and so is excluded by definition. Particle size is one way to classify
types of soil with sand being the largest (.05-2 mm), then silt (.002-.05 mm), and then clay
(<.002 mm).
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Sand feels gritty and is generally large enough to see individual particles. They are large enough
that air and water can pass easily between them. Silt feels more like flour and holds air and water
nicely, but it doesn't feel sticky when wet. Clay is very small and has about 10,00Utimes more
surface area than the same weight of sand. This allows clay to hold incredible amounts of water
and other chemicals which will be discussed later. Clay particles <.001 mm are so small that
they form a colloid in solution and are especially important in surface chemistry.
Most soils are a mix of particle sizes and the actual percentages are what define the major
textural classes. The two soils that we compare are both silt loams, which contain mostly silt
with a little sand and clay.
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Formation The chemical composition of each soil particle reflects the parent material
from which it was formed and the processes which altered the parent material to form the
particle. A typical sand particle, for example, consists of SiO2 units-derived from the physical
fragmentation of its parent material~ quartz. The only weathering that has occurred is a physical
breakdown into smaller pieces. Chemical reactions can also alter the parent material to form
particles with different composition:s. The mineral serpentine could be formed from the
hydrolysis of olivine, which is fairly, common. The ferrous oxide product is then oxidized to the
more stable goethite and serpentine is eventually chemically and physically weathered to form
the several secondary minerals that compose serpentine soil:

3MgFeSi0 4 (olivine) + 2H2 0 - Mg3Si2 0s(OH)iserpentine) + Si0 + 3Fe0
2
4Fe0 + (0 2 + 2H2 0 - 4Fe00H(goethite)
soil solution chemicals + Mg/5i 2 0 5(0H)iserpentine) - crystalline metal oxides, etc.
The high nickel levels in serpentine 5oils are probably from the isomorphic substitution
(explained shortly) of nickel for magnesium and iron in the formation of the olivine. Very little
substitution can occur after a mine~allmatrix has been formed. When metal ions are removed
from the matrix by an acidic solutiuru, chelation, or are oxidized, the mineral structure is
weakened and further mechanical breakdown (and the subsequent release of previously bound

metals) becomes easier. The extraction procedures that we used are based on this fact. Many
plants solubilize nutrients from the mineral component of soil by releasing weak organic acid
chelators.

Substitutions and overall charge It is possible for one metal ion to replace another in the
formation of a matrix if they are nearly the same size and if their bonding is similar (octahedral
vs. tetrahedral). Clays are composed of sheets of silicon oxides and aluminum oxides. Silicon
and aluminum are both more positively charged than other similarly sized ions commonly found
in clays, so substitutions result in an overall negative charge.
Note that Al, Fe, 0, and OH can fit in either.
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This overall negative charge attracts water and cations electrostatically and is called a
cation exchange because the cations are loosely held and easily replaced. Two things affect
which cations are adsorbed: 1) the relative concentrations of cations in the surrounding solution
and 2) the hydrated radius which affects how tightly cations can be adsorbed . This happens

because cations in aqueous solution are complexed with water and adsorption occurs outside of
this inner-sphere bonding; so no waters are replaced. The relative order for the strengths of
adsorption for some common cations is Al3+>Ca2+>Mg2+>K+=NH/>Na+. The cation exchange
keeps many important nutrients from being washed away and stores them in a form that is readily
plant-available. "Next to photosynthesis and respiration, probably no process in nature is as vital
to plant and animal life as the exchange of ions between soil particles and growing plant roots."
(Brady 241)

Organic Component

Although organic matter is a small fraction of soil composition, its effects are huge. It is
important in the formation of aggregates, provides cation exchange sites, and provides a
storehouse of nutrients for microorganisms and plants.
Soil organic matter is composed of 1) the living biomass 2) recognizable plant tissue, and
3) altered plant tissue that is amorphous, colloidal, and no longer recognizable. There are other
minor components including animal tissue and waste. Only the third category is properly called
humus. Microorganisms degrade plant tissues (like lignin and cellulose) into simpler units and
monomers. They then metabolize these and in the process polymerize substances, especially
phenolics and quinones. The polyphenols and polyquinones are very stable and form the
backbone of humus.
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The surface area per mass of humus is even higher than that of clays so it has an even
higher cation exchange capacity and is very important for holding nutrients. The sources of

negative charge for humus are from both carboxylic acid and phenolic groups and are pH and
temperature sensitive. As the pH increases, these groups ionize and the cation exchange capacity
mcreases.
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Besides providing a cation exchange, humus enhances nutrient availability in two ways.
First, it is weakly acidic and promotes the breakdown of the mineral structure to release nutrients.
Second, humus forms organomineral complexes with metal ions which are more easily absorbed
by plants than the hydrated ions. It is important to note that humus itself doesn't directly provide
many nutrients for plants and that it is possible to grow plants without humus. It does have a
hormone-like effect that can stimulate or reduce plant and microorganism growth (Bohn et al,
1985).

Pore Space

The remaining half of soil is composed of the pore space which is filled by air and the
"soil solution". The soil solution is the medium through which nutrients are delivered to a
plant's roots and it is where much of soil chemistry occurs. The soil solution is in pseudoequilibrium (that is, there are forward and backward reactions that may not yet be at the same
rate) with the cation exchange and other soil components.

Higher pla~ts

Microorganisms

Chemical
fertilizers
and organic
amendments

Organic
forms

Original
minerals

Fe, Al oxides
and others

Silicate
clays

Brady fig 15.18
As nutrients are removed from the soil solution, they are replaced by nutrients held on the cation
exchange. The other pseudo-equilibria also respond ascordingly in an attempt to restore
equilibrium.

Colloids are suspensions of particles too large to go into solution and too small to
precipitate. They are characteristically opaque and there are many everyday examples like milk,
which is a suspension of albumin. Because of their huge surface area, most ion exchanges occur
on the colloidal surfaces of clay and humus.
Most soil colloids are overall electronegative. For clays, this is due to the isomorphic
substitution of similarly sized ions.
Another source of charge is from hydroxide groups attached to both clay and humus. It is
important to note that at a lower pH the hydroxide is hydrated and there is no charge (or it could
even be positively charged), but as pH increases the hydrogen ion dissociates and the charge
increases. So the cation exchange capacity is pH and temperature dependent.

Plants

Plants receive energy from the sun and use atmospheric CO2 as their major carbon source.
All other essential nutrients come form the soil solution. Water is transpired in the leaves which
keeps the flow of water and soil nutrients moving upward by capillary action. Sugars created in
the leaves by photosynthesis flow down to provide energy in the roots.

TABLE 1.1

ElementsEssentialfor Plant Growth and Their Sources•
Used in relnti1·ely
smn/1 n111uw1ts
(<0. 1%
of dry plant tissue)

Used in relnlively lnrge n11101111ts
(>0.1 % of dry plant tissue)
lvfostly from
nir nnd ll'ater

M<1cro1111trimts
((ru111
soil solids)

Carbon (C)
Hydrogen (HJ
Oxygen (0)

l\itrogen (I\)
Phosphorus (P)
Potassium (K)
Calcium (Ca)
Magnesium (Mg)
Sulfur (SJ

Micro1111trients
((rum soil solids)

Iron (Fe)
Manganese (l\ln)
Boron (BJ
Molybdenum (Mo)
Copper (Cu)
Zinc (Zn)
Nickel (Ni)
Chlorine (Cl)
Cobalt (Co)

'Many other elements are taken up from soils by plants, but are not essential for plant
growth. Some of these elements (such as sodium, silicon, iodine, fluorine, barium, and
strontium) do enhance the growth of certain plants, but do not appear to be as universally
required for normal growth as are the 18 listed in this table.

Table 1.1, Brady

.

Rhizosphere The roots ofliving plants affect the soil in their immediate vicinity. The
rhizosphere is the soil zone within 2 mm of the root surface and the chemistry in this area can be
vastly different from the surrounding soil. Three broad classes of chemicals are secreted from
roots into the rhizosphere: 1) Low molecular weight compounds like organic acids, sugars,
amino acids, and phenolics which can make nutrients more available or influence neighboring
plants with hormone-like effects in a process called allelopathy. 2) High molecular weight
substances which mix with microbes and clay to be called mucigel which lubricates the soil and
improves root-soil contact. 3) Cells from the root cap that slough off during growth. As much as
30% of a young plant's matter production can go into rhizodeposition. People can mimic
rhizosphere chemistry by adding chelators or weak acids to a soil in order to make nutrients more
plant-available.
Micronutrients Many elements are required in small amounts for plant nutrition and
generally function as cofactors for enzymes. Nickel has long been knows as a micronutrient for
animals but has only recently been added to the list for higher plants (Brady, 1996) Most plants
must contain from .1 to 10 ppm nickel in their tissue to be healthy and anything more or less is
toxic. Nickel plays many important roles but is probably most essential in urease.

TABLEI 5. I

Functionsof SeveralMicronutrients in Higher Plants

Micron11trie11t
Zinc

Functions in higherplants
Present in several dehydrogenase, proteinase, and peptidase enzymes; promotes growth
hormones and starch formation; promotes seed maturation and production.
Present in several peroxidase, catalase, and cytochrome oxidase enzymes; found in
ferredoxin, which participates in oxidation-reduction reactions (e.g., NO 3- and sO,2reduction, N fixation); important in chlorophyll formation.
Present in laccase and several other oxidase enzymes; important in photosynthesis,
protein and carbohydrate metabolism, and probably nitrogen fixation.
Activates decarboxylase, dehydrogenase, and oxidase enzymes; important in photosynthesis, nitrogen metabolism, and nitrogen assimilation.
Essential for urease, hydrogenases, and methyl reductase; needed for grain filling, seed
viability, iron absorption, and urea and ureide metabolism (to avoid toxic levels of
these nitrogen-fixation products in legumes).
Activates certain dehydrogenase enzymes; facilitates sugar translocation and synthesis
of nucleic acids and plant hormones; essential for cell division and development.
Present in nitrogenase (nitrogen fixation) and nitrate reductase enzymes; essential for
nitrogen fixation and nitrogen assimilation.
Essential for nitrogen fixation; found in vitamin B12.

Iron
Copper
Manganese
Nickel
Boron
Molybdenum
Cobalt

Table 15.1, Brady
Metal ions don't just flow from the soil solution into the roots; they must be actively
transported. It would seem, then, that a plant would simply not transport any micronutrients in
'

excess in order to prevent toxicity. For some plants, though, the nickel transporter is not
specific; it is part of a system that transports both nickel and cobalt (Brooks, 1987). So these nonspecific transporting plants may accumulate nickel in an attempt to obtain required amounts of
another nutrient. For other plants, however, the transporters are specific for nickel and can
involve several chelators and transporters and accumulation must be for another reason (Brooks,
1987).
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Another consideration is the competitive inhibition of one type of ion for another. A plant often
excretes a weak acid to replace nutrients on the cation exchange to make those nutrients

available. If something like nickel is very abundant on the cation exchange, then it will flood the
soil solution and inhibit uptake of other required ions. The plant could keep specifically
removing the required nutrients and avoiding nickel, but as the relative concentration of nickel
increases this becomes more and more difficult. One strategy to prevent this is to take nickel up
as well and store it somewhere in the plant in a form and place that does the least amount of
damage. Many plants have developed that store nickel in leaf vacuoles complexed with a weak
organic acid such as malate.
Nickel hyper-accumulators If a nickel accumulator stores nickel in its tissue past 1000
ppm (i.e. 0.1% by weight) then it is called a hyper-accumulator (Baker and Brooks 1989).
PLANTS WHICH HYPERACCUMULATE

No. Genus

Species

109 PJanchone/la
(Sapotaceae)
110 Psychotria
(Rubiaceae)

oxyedra

Indonesia

19600

douarrei

New Caledonia

19900

111 Rhus
(Anacardiacede)

wild ii

Zimbabwe

1600

112 Rinorea
113 (Violaceae)

bengaJensis
javanica

S.E. Asia
Borneo

17500
2170

114 Saxifraga
115 (Saxifragac.)

aizoon
exarata

Italy
Italy

116 Sebertia
(Sapotaceae)

acuminata

New Caledonia

117 Stachys
(Lamiaceae)

recta

Italy

118 Streptanthus
[Brassicac .)

polygaloides

W. USA

119 ThJaspi

alpestre

Central Eu.

Location

NICKEL

Max Ni (µ.g/g)

3840
2970
11700

2600

14800

4000

These plants are not generally found on low-nickel soils and there was once some question
regarding whether these plants required huge amounts of nickel, but it seems that they are
facultative and are simply over-run by other plants on low-nickel soils. Also they seem to be less
disease prone when their tissue contains large amounts of nickel.

In the western United States, there are only four known indigenous species of nickel
hyper-accumulators. The one that concerns us is called S. polygaloides and it is found in the
Sierra Nevada foothills.
There are several possible uses for plants like this. They could be used for the
bioremediation or erosion stabilization of nickel contaminated mining or waste sites. They could
also be used for the "biomining" of tailings that don't contain enough nickel to process with
traditional methods. Nickel is a semi-valuable metal and is important in everything from highperformance titanium alloys to the manufacture of steel. It is normally mined as the sulfide
mineral pentlandite which must then be melted, physically separated, and refined by electrolysis
(Shriver et al, 1994). Nickel contained in plant tissue is complexed with a weak organic acid

.

chelator that is simple to remove. The ashing of plant tissue to remove nickel would be much
less expensive. A study conducted by the U.S. Bureau of Mines (referenced by Cramer, 1997)
demonstrated that S. polygaloides accumulated 50 to 100 pounds of nickel per acre from soils
unsuited to traditional mining methods. The only drawback is the time required for the plants to
grow.

Experimental
The purpose of this study is to determine the amounts of nickel in increasingly plantunavailable fractions of a serpentine soil and an artificially contaminated silt loam.
This study is intended to complement the work done by Julie Cramer for her MS degree
under Paul Grossl at Utah State University about the phytoremediation of nickel contaminated
soils by the hyper-accumulator S. polygaloides. Specifically, in order to study any processes,
feasibilities, or enhancements it is important to know how nickel is stored in the soil. It is also
important to compare a naturally-occurring high-level nickel soil to a soil that is artificially
contaminated.
There are several different extractions commonly used to remove metals from various soil
fractions. Usually they include up to five extractants performed in a sequential order of
harshness: cation-exchange extractants, carbonate-dissolving extractants, acidic reducing
extractants, extractants that release organic and sulfide bound metals, and strong acidic

extractants for dissolving silicates or minerals that haven't been attacked by the milder reagents
(Quan and Bin 1993). Plants are capable of producing mild extractants and readily extract nickel
from the first fraction (Lindsay, 1979). Depending on the plant and the environment, some of the
nickel in the carbonate fraction may be available as well (Slingsby and Brown, 1977). In order
to estimate which fractions are available to S. polygaloides in our particular serpentine soil, our
result will be compared to a DTP A chelator extraction which estimates plant availability.
It is important to note that metals are in pseudo-equilibrium between the various fractions
and the extractant. Therefore, as each extraction is performed it will slightly change the
proportions of different metal species. Some extractions are very imprecise and since there is no
standard extraction procedure one must be careful when designing and interpreting the results of
sequential extractions. Several researchers have create~ synthetic soils with known metal
populations and have tested various extraction procedures (particularly Xiao-Quan and Bin,
1993). They have concluded that no extraction procedure is perfect but that some do give
reasonably good results and can certainly provide insight into metal distribution. We used a
sequential extraction procedure developed by Amacher (1998) which is based on a careful
examination of literature recommendations.

Methods and Materials
Two different soils were chosen for the sequential extraction. The first was a serpentine
silt loam soil from the Sierra Nevadas near Red Hills, California with a pH of 6.8 and 2.28%
organic matter (Cramer, 1997). Serpentine is a low-grade metamorphic ultramafic mineral
composed of Mg 3 Si 2 Os(OH)4 . Iron and nickel commonly substitute with the magnesium (Klein
and Hurlbut, 1993). The second was a calcareous Millville silt loam from North Logan, Utah to
which a nickel chloride solution was added so that the total nickel concentration was about 3000
ppm (similar to the naturally occurring nickel concentration in the serpentine soil). It is a Typic
Haploxeroll containing 16% clay, 1.36% organic carbon, a pH of 7.8, and 43% CaCO 3 equivalent
(Cramer, 1997). It was water saturated and dried three times to establish a more realistic
equilibrium. Three 0.5 g samples were taken from each soil for the extraction.

Exchangeable. The sample and 10.0 ml of 1.0 M NH 4Cl were added to a 50 ml plastic
centrifuge tube and vortex mixed for 2 hours. It was then centrifuged and the supernatant
decanted and filtered in order to be analyzed by ICP. The remaining sample pellet was washed
three times by rinsing with 95% ethanol, centrifuging, and decanting. After the final rinse, it was
allowed to air-dry overnight.
Carbonates. A solution of 1.0 M NH 4OAc was adjusted to pH 5.0 with HOAc and 25.0
ml were added to the air-dried residue from above in the same centrifuge tube. The solution was
vortex mixed for 24 hours and then centrifuged. The supernatant was decanted and filtered for
ICP analysis. The remaining pellet was again washed three times with ethanol and allowed to
air-dry overnight.
Mn oxides. A solution of 0.10 M NH 2OH-HC1was adjusted to pH 2.0 with HCl and 25.0
ml were added to the residue from above. The solution was vortex mixed for 10 minutes and
centrifuged. The supernatant was decanted and filtered for ICP analysis. The residue was then
washed three times with ethanol and air-dried.
Non-crystalline Fe oxides. To the residue from above, 25.0 ml of 0.25 M NH 2OH·HC1 +
0.25 M HCl solution was added. The solution was vortex mixed for 2 hours at 50°C and then
centrifuged. The supernatant was collected and filtered for analysis by ICP and the residue was
washed three times with ethanol and air-dried.
Crystalline Fe oxides. Two solutions were made. The first was a 0.30 M ammonium
oxalate+ 0.30 M oxalic acid solution. The second was a fresh solution of 0.30 M ascorbic acid.
10.0 ml of the first solution and 5.0 ml of the second solution were added to the residue from
above. The solution was then vortex mixed in a boiling water bath for 15 minutes and allowed to
cool for 15 minutes. It was then centrifuged and the supernatant collected into a 50 ml
volumetric flask. Then the extraction was repeated and the supernatant collected in the same
volumetric flask. The pellet was washed with oxalate solution, centrifuged, and the supernatant
collected in the flask. It was then topped up to 50 ml and filtered for analysis by ICP.
Organic matter, sulfides, and residual. The residue from above was resuspended with 5
ml of 95% ethanol and transferred to a 125 ml beaker using small aliquots of ethanol for rinsing.
The ethanol was then evaporated in an oven at 100° C. Aqua regia (1.0 ml of concentrated HNO 3
and 3.0 ml of concentrated HCl) was added to the beaker and it was digested on a hot plate (set

low) until nearly dry. This digestion was repeated twice more. Then 1.0 ml of concentrated HCl
was added and the beaker was rinsed with 1% HCl onto acid-washed filter paper and rinsefiltered with the 1% HCl into a 50 ml volumetric flask which was then topped up for analysis by
ICP.

Results and Discussion
About 39% of the nickel was associated with the exchangeable fraction for the silt loam
whereas only about 2% was for the serpentine soil. This fraction contains the nickel in the soil
solution and the nickel loosely held on the cation exchange so one would suspect that this
fraction is completely readily plant-available. This difference between the two soils is expected
because the Millville silt loam has a much higher cation exchange capacity than the serpentine
soil (USDA, 1974). The specific amounts of nickel recovered and the 95% confidence intervals
are as follows:

Fraction

Serpentine: Ni in ppm

Silt loam: Ni in ppm

i&exchangeable, soluble

32 ± 1

607 ± 17

carbonates

109 ± 4

503 ± 12

Mn oxides

152 ± 9

64 ± 5

noncrystalline Fe oxides

160 ± 6

207 ± 9

crystalline Fe oxides

247 ± 17

131 ± 3

organic, sulfides, residual

1320 ± 70

32 ± 9

Note that these are the names of the fractionation schemes and that they are not
necessarily the only or entire fraction that is removed. Rather, it is the relative availability that is
important. For example, there are extremely few carbonates in the serpentine soil but a fair
amount of nickel was removed in the carbonate fractionation. In reality this is probably a
mixture of very loosely held organic complexes, loosely held manganese oxides, and other acidsensitive minerals. However, it is convenient to label all of these simply as carbonates. The
important thing is that each fraction is increasingly plant-unavailable.

Each soil should also have contained about 3000 ppm nickel. The total for the serpentine
soil is only about 2/3 of this and the silt loam is only about 1/2. This is actually fairly typical for
a sequential extraction as a fair amount of metal is lost in process and the only question is
whether the unaccounted nickel is evenly distributed or from certain fractions. In experiments
with model soils, the first three extractions experimentally are about half of calculated values and
the last two are about twice as big (Shan and Bin, 1993). Another study reaffirms that the
manganese oxide fraction has a 50% recovery for this procedure (Chao, 1972). So with this
distribution, there is probably more plant-available nickel than is being extracted.
It is already suspected that the exchangeable fraction is readily plant-available. DTPA
extractions have been correlated with plant-availability using bioassays and are a standard
procedure. A DTP A extraction previously performed ,on the serpentine soil concluded that 37
ppm nickel were plant-available (Cramer 1997). This number corresponds well with our
exchangeable fraction and implies that it and a very small amount of the carbonate fraction is
plant-available.

Conclusion
Sequential extractions were performed on a serpentine soil and an artificially
contaminated Millville silt loam in order to determine nickel distribution with particular regard to
plant- availability. Only about 2% of the nickel in the serpentine soil was readily plant-available
as opposed to 39% of the silt loam.
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